Due to the compact and modular nature of CubeSats, thermal management has become a major bottleneck in system design and performance. In this study, we outline the development, initial testing, and modeling of a flat, conformable, lightweight, and efficient two-phase heat strap called FlexCool, currently being developed at i2C Solutions. Using acetone as the working fluid, the heat strap has an average effective thermal conductivity of 2,149 W/m-K, which is approximately four times greater than the thermal conductivity of pure copper. Moreover, the heat strap has a total thickness of only 0.86 mm and is able to withstand internal vapor pressures as high as 930 kPa, demonstrating the suitability of the heat strap for orbital environments where pressure differences can be large. A reduced-order, closed-form theoretical model has been developed in order to predict the maximum heat load achieved by the heat strap for different design and operating parameters. The model is validated using experimental measurements and is used here in combination with a genetic algorithm to optimize the design of the heat strap with respect to maximizing heat transport capability.
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A Cross-sectional area d Wire diameter F Predicted value g Gravitational constant K Permeability h lv Enthalpy of vaporization k f Thermal conductivity of working fluid k w Thermal conductivity of wick material L ad Length of adiabatic section L e f f Effective length of heat strap M Measured value N Mesh number n Number of measurements per run P l Pressure of liquid P v Pressure of vapor q Heat load R Thermal resistance r e f f Effective pore radius of wick S Crimping factor T v Temperature of vapor w Wire spacing
INTRODUCTION
As of 2013, a total of 129 CubeSat missions were launched by nearly 80 organizations, including universities, national space and defense agencies, private companies, and amateur organizations [1] . These missions had a range of objectives including testing new technology, collecting scientific data, communications, and education. Although the use of CubeSats for these and other missions is expected to increase in the coming years, however, many engineering and design challenges remain.
One such major challenge is heat dissipation and thermal management. Similar to modern commercial and military electronic devices, CubeSats can have high power densities due to their compact form factors (e.g., 10 cm x 10 cm x 10 cm for a 1U configuration). In addition, orbital environments introduce complex inputs and constraints to the thermal design of a CubeSat. Currently, heat dissipation from onboard electronics is limited to conduction through the printed circuit board (PCB) and chassis, followed by rejection to a radiator. Depending on the type of orbital environment (e.g., low earth or geostationary orbits), however, CubeSats can be exposed to widely varying and highly dynamic thermal environments. As a result, CubeSat thermal management systems must be able to efficiently transport the required amount of heat through a small form factor while maintaining component operating temperatures at adequate levels in low pressure and dynamic orbital environments.
A possible solution for CubeSat heat dissipation and thermal management is the flat heat pipe. Also referred to as vapor chambers, these passive cooling devices operate on the same principles as a conventional heat pipe, but are fabricated in flat profiles and can have highly compact form factors. Flat heat pipes designed for thermal management of electronics have been in development since 1984 [2] . Early studies tested metallic heat pipes with simple wicking structures and verified analytical models [3, 4] . More recently, there have been efforts to design thin, flexible heat pipes for commercial electronics applications such as laptops and mobile devices. Thermal conductivity values up to 830 W/m-K have been reported for a polymer-based heat pipe with a thickness of 1 mm [5] . Additionally, the thermal ground plane (TGP) project funded by the Defense Advanced Research Project Agency (DARPA) produced various thin profile vapor chamber designs [6] . Heat fluxes up to 330 W/cm 2 and thermal conductivities as high as 2,100 W/m-K were measured. Other studies have focused on enhancing the characteristics of the evaporator and condenser wicks [7] [8] [9] [10] . However, relatively limited research has specifically focused on CubeSat applications. Meeting the unique challenges presented by orbital operating environments, in particular, remains a major engineering challenge that must be overcome if flat heat pipes are to be used for CubeSat heat dissipation and thermal management.
In this paper, we introduce an efficient, flat, lightweight, and conformable two-phase heat pipe called FlexCool that is specifically designed for space applications and orbital environments. The physical design, fabrication, and initial experimental testing of this flat heat pipe, or "heat strap," are discussed. A reduced order, closed-form model that accurately predicts the maximum heat transport capability is also presented. This model is then coupled with a genetic optimization algorithm to determine an optimal heat strap design with respect to maximizing heat transport through modifications to the wick structure used in the strap.
CUBESAT THERMAL ANALYSIS
In order to illustrate the thermal management challenges faced by CubeSats in orbital environments, as well as to outline the benefits of lightweight and efficient two-phase heat straps, a series of system-level thermal models have been developed. As shown in the following, results from these models provide motivation for the design and fabrication of the FlexCool flat heat strap described in subsequent sections of this paper.
Thermal Desktop [11] was used for modeling the simplified 3U CubeSat shown in Figure 1 , including the following key components: standard 3U bus (roughly 10 cm x 10 cm x 30 cm in size), modular rail structure, deployed solar arrays, bodymounted radiators, one standard (roughly 10 cm x 10 cm) internal rail-mounted PCB, and a single PCB-mounted component (2 cm x 2 cm). Thermal conductors were used to represent the thermal path offered by traditional standoffs used to connect the PCB and body-mounted radiators to the rails of the CubeSat frame structure. A thermal conductor between the PCB-mounted component and the body-mounted radiators is also included in the model, representing the additional thermal path created by a conceptual heat strap (e.g., FlexCool or plain copper strap for comparison). Although this model is highly idealized, it represents the general thermal environment of the PCB-mounted electronic component, and is used here to perform parametric analyses of the effects of orbital characteristics, component power, and thermal path to the body-mounted radiators.
Hot and cold cases of low Earth orbits (LEOs) [12] , as well as a geostationary orbit (GEO), were used for bounding the thermal environments of the electronic components inside the CubeSat. Table 1 lists the main characteristics of the orbits, while shown in Figure 3 . As expected, the component temperatures are colder for the cold LEO case, although the difference compared to the hot LEO case is relatively small. However, a conductive path through a heat strap results in substantially lower component temperatures. Figure 4 shows the PCB-mounted component temperature over two orbits from the transient analysis, for a power dissipation of 10 W, a heat strap with a conductance of 0.68 W/K, and for both hot and cold LEO cases. The electronic component experiences temperature swings of approximately 5 • C and 15 • C in the hot and cold LEO orbits, respectively, which can be explained by the fact that the satellite sees solar radiation for most of the hot LEO case, while it experiences an eclipse during almost half of the cold LEO case.
The Thermal Desktop model was also used to validate a simplified thermal model of a 1-U CubeSat with one PCB, and with similar thermal connectors to the body structure and bodymounted radiators. The simplified thermal model of the 1U CubeSat, developed in the Engineering Equation Solver (EES) [13] , was then used to perform parametric analyses of the effect of different design factors on the temperature of the PCBmounted component.
Using this simplified model, Figure 5 shows the component temperature as functions of component power and heat strap conductance for the hot LEO case. The temperatures are bounded by two extremes: (i) a traditional case in which no heat strap is used, and, (ii) a case in which an infinitely-large conductance is used to connect the PCB-mounted component to the body-mounted radiator. The no-heat-strap case predicts that components that dissipate 5 watts or more reach temperatures greater than 320 K in the hot LEO environment. On the other hand, the maximum component power dissipation that an infinitely large heat strap could provide before reaching 320 K is approximately 18 W, necessitating the use of a larger radiator. Between these two bounding cases, it is apparent that the use of a heat strap reduces the component temperature by providing an efficient thermal path to the body-mounted radiators. Although Figure 5 was developed for a hot LEO case, similar design charts may also be created for other environments, such as a cold LEO or a GEO case. Individual results depend on the particular orbital conditions, as well as the CubeSat design (e.g., geometry and optical properties of For component temperature of 320K
FIGURE 6: MINIMUM HEAT STRAP CONDUCTANCE AND WIDTH FOR COMPONENT TEMPERATURES OF 320 K (SOLID BLACK LINE). DASHED LINES SHOW THE STRAP MASS VER-SUS STRAP CONDUCTION FOR COPPER (BLUE) AND FLEX-COOL (RED) HEAT STRAPS. body-mounted radiators).
In order to analyze the benefit that a two-phase heat strap, such as that described in the present study, provides to the thermal management of a CubeSat, the locus of component power and strap conductance values that yield component temperatures equal to 320 K is shown in Figure 6 . This line represents the minimum strap thermal conductance needed to keep the component temperature below 320 K for a given component power, in the hot LEO case. The right axis of Figure 6 compares the theoreti-cal width of copper and two-phase heat straps required to achieve a given conductance. Based on a detailed model of the FlexCool two-phase heat strap presented in the following section, a FlexCool strap with three times the thermal conductivity of copper was used in this analysis. Consequently, for a given component power dissipation, the FlexCool strap can provide the same thermal conductance of a copper strap with only one-third of its cross sectional area and, therefore, a third of its volume. Since the density of the FlexCool strap is one-third of copper, the FlexCool strap can also achieve the same thermal conductance of a copper strap with one-ninth of the weight.
FLEXCOOL FABRICATION AND TESTING
A prototype FlexCool heat strap, shown in Figure 7 , has been fabricated. This flat heat strap has sides of length 12.7 cm and a total thickness of 0.86 mm. The FlexCool strap is based on an assembly of copper foils (casing layers), fine copper woven meshes (wicks), and coarse copper woven meshes (vapor cores). Although the type and number of layers can vary depending on desired performance, the prototype developed for this study is composed of two case layers, two fine mesh layers (mesh no. Using thermo-compression bonding, also known as diffusion bonding, all layers are bonded together, resulting in strong through-thickness mechanical strength and, therefore, a structure that can withstand high internal vapor pressures while operating in the vacuum of orbital environments.
The prototype FlexCool heat strap developed for this study was filled with 30% acetone, which is equal to 70% fill based on the void fraction of the two layers of fine mesh. A onedimensional thermal test bench, illustrated in Figure 9 , was used to measure the maximum heat transport and thermal resistance of the heat strap. A resistance wire heater was placed at the evaporator end of the strap, and a 30 V / 20 A DC power supply was used to provide the heat input. The evaporator was enclosed by fiberglass insulation of thickness 2.54 cm. The condenser (6.4 cm x 12.7 cm) was exposed to ambient conditions and was cooled by natural convection. The adiabatic section measured 1.2 cm x 12.7 cm. A LabVIEW-based data acquisition system was used to collect temperature data from five K-type thermocouples located along the heat strap, giving temperature measurements denoted T 0 -T 4 . The inclination of the test setup was free to vary, allowing an examination of heat strap performance for various inclination angles ϕ.
At the beginning of each run, the strap was oriented horizontally, corresponding to an inclination of ϕ = 0 • . A low heat input of 4.8 W was applied to the evaporator. Once the temperature measurements reached a steady state, the sample was tilted by 10 • . Steady state operation was considered to be achieved when the fluctuations in temperature changed by less than 2 • C. This process was continued at 10 • inclination angle intervals until the temperature at the evaporator, T 0 , was greater than the temperature T 1 . This jump in the evaporator temperature resulted from an increase in the local thermal resistance due to dryout of the working fluid, and indicated the point at which the device reached the capillary limit and, hence, maximum heat transport. Thermal resistance values were calculated based on the heat input from the resistance heater and the temperature difference between the evaporator, T 0 , and condenser, T 4 .
Temperature measurements at each of the thermocouple locations for various inclination angles ϕ and constant heat input of 4.8 W are shown in Figure 10 . For angles between 0 • and 50 • , variations in temperature along the heat strap were similar, with an overall downward shift in the temperature of the strap at all locations as ϕ is increased. This shift is a result of the change in heat transfer coefficient at the condenser for varying ϕ. At an inclination angle of 60 • , the temperature at the evaporator began to increase and reached a temperature of 49 • C at an inclination of 70 • . Correspondingly, the capillary limit at 4.8 W was determined to be reached at a 60 • inclination angle. The primary source of uncertainty in each of the measurements was due to the uncertainty in the thermocouple measurements (±1 • C).
The effective thermal conductivity based on the effective length and cross-sectional area of the heat strap is shown in Figure 11 as a function of heat load. These data were taken with the heat strap sample at a 0 • inclination and for varying heat loads spanning 4.5 W to 15 W. Figure 11 shows that the effective thermal conductivity is relatively constant with an average of 2,149 W/m-K for heat loads between 4.5 and 15 W. ure 11 compares these values with the thermal conductivity of pure copper (approximately 400 W/m-K). On average, the FlexCool heat strap was thus found to be 400% more conductive than a pure copper spreader.
Finally, the maximum internal pressure carrying capacity of the FlexCool heat strap was evaluated by attaching the prototype to a shop air compressor. It was found that the FlexCool strap was able to withstand an internal gauge pressure up to 930 kPa without failure. It should be noted that the heat strap did not fail at these high internal pressures, and that testing of even higher pressures was limited by the pressure output of the compressor.
MODELING OF THE FLEXCOOL HEAT STRAP
For the purposes of design and optimization, a reduced-order theoretical model of the FlexCool heat strap has been developed. For heat straps that operate at moderate heat fluxes and operating temperatures, as is expected to be the case for the FlexCool strap, the maximum heat transport is typically governed by a balance between the maximum capillary pressure induced by the wicking structure, denoted (∆P c ) max , and the pressure losses introduced by the same wicking structure, the vapor channel, phase change, and body forces. This constraint is called the capillary limit and is given by [14] (∆P c ) max ≥ ∆P ph,e + ∆P ph,c + ∆P
where ∆P ph,e and ∆P ph,c represent pressure losses due to phase change at liquid-vapor interfaces in the evaporator and con- denser, respectively, ∆P + is the normal hydrostatic pressure loss, P II is the axial hydrostatic pressure loss, and ∆P ≡ ∂ (P l + P v )/∂ x is the integral of the liquid and vapor pressure losses along the main axis of the heat pipe due to the wicks. In order for the heat strap to operate, the maximum capillary pressure induced by the wicking structure, (∆P c ) max , must be greater than or equal to the summation of the pressure losses across the entire heat strap [hence the inequality appearing in Eq. (1)]. For moderate operating conditions in which vaporization and condensation are relatively mild, pressure losses due to phase change [i.e., ∆P ph,e and ∆P ph,c in Eq. (1)] can be neglected. Additionally, the FlexCool heat strap is flat and thin, so normal hydrostatic pressure losses (i.e., ∆P + ) can also be neglected. The axial hydrostatic pressure gradient is associated with the gravitational body force and is calculated as
where ρ l is the density of the liquid. As shown in Figure 9 , five temperature measurements are taken along the length of the test sample, and the effective length, L e f f , is defined as the distance between thermocouples T 0 and T 4 . The pressure losses due to the wick structure [i.e., the integral terms in Eq. (1)] are given by ∆P = 2∆P w1 + ∆P w2 , where ∆P w1 is the pressure loss across one of the fine wicks and ∆P w2 is the pressure loss across the coarse mesh vapor core, as shown in Figure 12 . Assuming steady state operation, all of the liquid at the evaporator is evaporated and all of the vapor at the condenser is condensed. Consequently, each of the wick pressure losses can be expressed as a function of the applied heat load, q, as
where µ and ρ are the dynamic viscosity and density of the working liquid, h lv is the working fluid latent heat of vaporization, and A is the cross sectional area of the heat strap. Since Eq. (3) is a form of the porous media equation, the permeability, K i , of each mesh is given by [15] 
where d i is the diameter of the wires in either the fine (i = 1) or coarse (i = 2) meshes. The mesh porosity, ε i , is defined as
where N i is the mesh number defined as
where w i is the wire spacing in the mesh, and S = 1.05 for a woven mesh. For the fine mesh (i = 1), the pressure loss terms are calculated using liquid properties. For the coarse mesh (i = 2), pressure loss terms are calculated using vapor properties.
The maximum capillary pressure on the left-side of Eq. (1) is given by the Young-Laplace equation as
where θ is the contact angle between the liquid and wick material and we assume that essentially all of the capillary pressure is due to the fine wicks shown in Figure 12 . The effective pore radius r e f f appearing in Eq. (7) is given by
The resulting models for the maximum capillary pressure and the pressure loss [i.e., the left-and right-hand sides of Eq.
(1)] were written in MATLAB, and the thermophysical properties of the working fluid were calculated using CoolProp [16] . Using the operating temperature as an input, the model calculates the maximum heat transport based on the capillary limit inequality in Eq. (1). Table 2 provides a summary of each of the parameter values used to define the model.
A comparison between the predicted and measured maximum heat transport as a function of power input is shown in Figure 13 . The mean absolute error (MAE) between modeled and measured data was calculated as 13.6%. 1 In general, the model Effective length, L e f f 0.054 m slightly over-predicts the maximum heat load observed experimentally, which can be explained by the assumption of a small contact angle (0 • ) used in the model to provide a prediction of the maximum heat transport. Additionally, imperfections may have been introduced during the manufacturing process and the model also assumes that all layers are perfectly flat, whereas in reality the strap contains minor bends and dimples. These factors would introduce extra sources of flow resistance and are believed to contribute to the discrepancy between model predictions and experimental measurements. At the highest heat load level of 15.5 W, the evaporator temperature was 86.4 • C. Although the model prediction fell within the uncertainty of the data point measurement, it is possible that for the high heat load data point boiling is occurring within the heat strap and introducing phenomena not captured by the current model. The presence of boiling would provide an extra heat transfer mechanism and would explain the under-prediction of the model.
FLEXCOOL HEAT STRAP OPTIMIZATION
The close agreement between the model and experimental results shown in Figure 13 provides motivation for the use of the reduced-order model in optimizing the FlexCool heat strap design. Re-writing the reduced order model in EES, the model is coupled to a genetic algorithm in order to perform the optimization. Such evolutionary optimization methods have a tendency to converge to global optima even for complex systems of equations, thereby making them ideally suited for engineering design analyses.
In the design and analysis of thermal management systems for CubeSats and other small satellites, the primary objective is to develop a lightweight and efficient method of transporting heat between a heat-producing electronic component and radiator, while maintaining a low temperature drop. A first step in this design process is to weigh the benefits between a solid conduction based heat spreader and a two-phase heat strap. The maximum possible length of a heat strap, subject to the capillary limit, provides a first estimate of the maximum distance possible between an electronic component and radiator using a two-phase heat strap such as the FlexCool strap.
A relatively simple optimization has been performed here in order to maximize the adiabatic length, L ad , based on the dimensions of the fine wick layers, d 1 and w 1 (see Figure 14 and Table  2 ). As reference, the dimensions of the coarse mesh used in the aforementioned prototype were d 2 = 381µm and w 2 = 762µm (mesh no. 22). The inclination angle, ϕ, was held constant at 0 • . A constrained design space was established based on wire diameter and wire spacing of commercially available copper woven mesh [17] . In the optimization, d 1 was limited to between 50 and 700 µm, and w 1 was limited to between 0 and 2,000 µm.
In order to visualize the design space, L ad is shown in Figure  15 as a function of d 1 and w 1 for heat loads of q = 5.0, 10.0 Table 3 , however, changes in d 1 and w 1 with increasing heat load are relatively modest. From a physical standpoint, these values of d 1 and w 1 provide a fine mesh for which the flow resistance through the fine liquid wick and the flow resistance through the coarse vapor mesh are equal. For increasing d 1 , the total crosssectional area of the wick increases, resulting in a decrease in flow resistance. Additionally, both the porosity and permeability increase, resulting in a further decrease in flow resistance. Although the design parameter maps in Figure 15 are sufficient to determine the values of d 1 and w 1 that provide maximum values of L ad for each heat load q, these maps can also be used to verify that the genetic algorithm is able to find these same optimal values of d 1 and w 1 . Figure 16 shows the convergence of the genetic algorithm to the optimal values of d 1 and w 1 for a heat load of q = 15 W. Initially, in Figure 16a , the test values of d 1 and w 1 are essentially randomly distributed in the design space. After only three generations, the algorithm has approximately settled on the optimal value of the wire spacing w 1 , and after eight generations the algorithm has successfully determined the values of d 1 and w 1 that give the maximum value of L ad . This trend in wire diameter and wire spacing also has a negative effect on total thermal resistance across the heat strap. Figure  17 shows how the temperature drop across the heat strap varies over the design space. An increase in wire diameter results in an increase wick thickness, while an increase in wire spacing results in an increase in wick porosity. This increase in porosity means that the wick contains more working fluid. In this case, the dif- ference in thermal conductivity between acetone and copper is on the order of 10 3 . This results in a substantial increase in the through-plane effective thermal conductivity of the liquid wick, both at the evaporator and the condenser. 
CONCLUSIONS
This study has demonstrated the fabrication, testing, modeling, and optimization of a prototype FlexCool flat heat pipe for use in thermal management of CubeSat systems. The main results from this study are:
1. The fabricated FlexCool prototype is shown to hold internal gauge pressures up to 930 kPa. 2. Testing of the FlexCool prototype demonstrated a maximum effective thermal conductivity of 2,149 W/m-K. 3 . A reduced order model was developed and was shown to accurately predict maximum heat transport capability. 4. Coupling the reduced order model with a genetic algorithm optimization technique demonstrated the capability of optimizing the liquid wick parameters to give a maximum heat strap length for the range of heat loads tested.
Future work will focus on the continued development and testing of the FlexCool heat strap. Additional design parameters and more complex objective functions will also be examined in the reduced-order optimization of the FlexCool heat strap design.
